We investigate the use of elastic and inelastic scatterings with secondary beams of radioactive nuclei as a mean to obtain information on ground state properties and transition matrix elements to continuum states. An eikonal model is developed for this purpose by using the folding potential. In particular we discuss possible signatures of halo wavefunctions in elastic and inelastic scattering experiments.
Introduction
Reactions with radioactive beams are a useful tool to understand the properties of nuclei far from the stability line (see, e.g. ref. [1] ). Up to the present these reactions are mainly restricted to studies of reaction cross sections and momentum distributions of the fragments [2, 3] . Elastic scattering has been studied in several experiments [4, 5, 6, 7, 8] . Inelastic scattering has also been studied, but very few experiments for Coulomb breakup processes [9, 10] only are available so far. Usual techniques with stable nuclei, like photo-nuclear absorption and electron scattering are far beyond the present experimental possibilities. The study of reaction cross sections, momentum distributions, and elastic scattering gives us a very limited access to the information on the internal structure of exotic nuclei, although many intriguing properties of these nuclei have been deduced in these experiments. An example is the discovery of the extended matter distribution in very light neutron-rich nuclei, so-called halo nuclei [2] .
The study of inelastic excitation cross sections is the natural step to increase our knowledge on the nuclei far from the stability line. In fact, Coulomb and nuclear excitations in nucleus-nucleus scattering are well established tools for the spectroscopy of stable nuclei and are complementary to photo-nuclear and electron scattering experiments. Due to the low luminosity of radioactive nuclear beams, experiments are possible only when the cross sections are sufficiently large. For inelastic scattering this is the case for the Coulomb excitation of loosely-bound nuclei, e.g., 11 Li and 11 Be, incident on heavy targets [9, 10] . The beams of exotic nuclei are often available at intermediate and high energies, E lab > 50 MeV/nucleon [1] . At these energies the Coulomb field favors the dipole excitations. On the other hand, the nuclear interaction favors the monopole and quadrupole excitations.
A study of nuclear excitations of halo nucleus 11 Li has been done in ref. [11] . It was shown that the excitation of low-lying continuum states of 11 Li have substantial cross sections and it can reach some 100 mb/sr at forward angles. In this article we extend the model of ref. [11] to include Coulomb excitation processes. Inelastic excitation processes are unavoidably accompanied by elastic scattering. We thus also make a study of elastic scattering processes with unstable nuclei. Under simplifying assumptions, which we try to justify in the next sections, elastic scattering allows one to get information on the ground state properties of the exotic nuclei, while the inelastic scattering processes tells us about the transition densities for the excitation. If the ground state wave function can be deduced from the elastic scattering, the excited state wavefunctions are possible to infer from the inelastic excitation processes.
The extraction of the above mentioned information from the experimental data suffers from several difficulties which arise due to the complexity of the reaction mechanism. The ideal situation occurs when the reaction mechanism can be explained with very simple models. In this article we use a simple and tractable model for the reaction mechanisms and apply it to the study of the scattering of unstable beams.
Under some circumstances it is shown that our model can be very useful to extract the ground state properties of exotic nuclei. A study of this feature is presented in sections 3 and 4. A brief explanation of the calculation ground state densities for exotic nuclei is done in section 3. These densities are used as inputs in the calculation of the elastic cross sections, which are compared to some available experimental data in section 4.
To show the feasibility of the models used, we also compare the theoretical predictions with some experimental data for reactions with stable nuclei.
The inelastic scattering cross sections are discussed in sections 5 and 6. In section 5
we deduce formulas using the deformed potential model and folding model for inelastic excitations. The equations for the folding model has been used in ref. [11] . We also present appropriate formulas for the case of Coulomb excitation. These equations are applied in section 6 to discuss the angular distributions for inelastic processes with stable and unstable nuclear beams. In section 7 we present our conclusions.
Elastic Scattering
The elastic scattering in nucleus-nucleus collisions is a well established tool for the investigation of ground state densities. This is because the optical potential can be related to the ground state densities by means of a folding of the nucleon-nucleon interaction with the nuclear densities of two colliding nuclei. But, this relationship is not quite straightforward. It depends on the effective interaction used, a proper treatment of polarization effects, and so on (for a review see, e.g., [12] ). At higher bombarding energies than E Lab ∼ 50 MeV/nucleon, a direct relationship between the nuclear densities and the optical potential is possible, as long as the effects of multiple nucleon-nucleon scattering can be neglected. The effects of real, or virtual, nuclear excitations are small since the excitation energies involved are much smaller than the bombarding energies. Lenzi, Vitturi and Zardi [13] have performed an extensive study of the nuclear scattering of stable nuclei at high energies. From their study one concludes that a simple relationship between the ground state densities and the elastic scattering cross sections quite often yields very reasonable results, as compared to the experiments. We adopt here a similar approach and extend it to study the scattering of exotic nuclei.
At high energies the elastic scattering cross section for proton-nucleus collisions is well described by means of the eikonal approximation [14] . The optical potential for proton-nucleus scattering is assumed to be of the form
where
and
are the central and spin-orbit part of the potential, respectively, and U C (r) is the proton-nucleus Coulomb potential. The Fermi functions f i are given by
In the eikonal approximation, the proton-nucleus elastic scattering cross section is given by [14] 
In the equation above q = 2k sin(θ/2), where θ is the scattering angle, J 0 (J 1 ) is the zero (first) order Bessel function. The eikonal phase χ 0(S) is given by
For the Coulomb eikonal phase we use the approximation, valid for a point nucleus,
where Z 1 and Z 2 are the proton (Z 1 = 1) and the nuclear charges, respectively. The Coulomb phase will be changed for a finite charge distribution of the nucleus [15] . For example, assuming a uniform charge distribution with radius R the Coulomb phase
where Θ is the step function. This expression is finite for b = 0, contrary to eq. (9).
If one assumes a gaussian distribution of charge with radius R, appropriate for light nuclei, the Coulomb phase becomes
where the error function E 1 is defined as
This phase also converges, as b → 0.
We have noticed in our numerical calculations that the above corrections to the approximation (9) do not modify the calculated cross sections appreciably. Moreover, one can show that in the eikonal approximation, the phase defined in eq. (9) yields exactly the Coulomb scattering amplitude
where φ 0 = argΓ(1 + iη/2). This is convenient for the numerical calculations since eq. (6) is written with the separated contribution of the Coulomb scattering amplitude.
Then, the remaining integral (the second term on the r.h.s. of eq. (6)) converges rapidly for the scattering at forward angles. If we use eqs. (10)and (11) the amplitude F (θ) cannot be separated as in eq. (6) and the integral in b will converge very slowly.
A more important correction, due to the Coulomb deflection of the trajectory, amounts to calculate all elastic and inelastic integrals (to be discussed in section 4)
replacing the asymptotic impact parameter b by the distance of closest approach in Rutherford orbits, i.e.,
As shown by Vitturi and Zardi [16] this correction leads to a considerable improvement of the eikonal amplitudes for the scattering of heavy systems.
For nucleus-nucleus collisions the spin-orbit interaction, U S (r), and the surfaceterm of the imaginary potential (last term of eq. 2) are usually neglected. Whereas these terms are relevant for proton-nucleus scattering, they play no important role in nucleus-nucleus collisions. Thus, for nucleus-nucleus collisions, the scattering amplitude is given by
Obviously, these equations can be obtained from eqs. (5-7) by setting χ S = 0.
A common way to relate the nuclear optical potential to the ground-state densities is to use the "tρρ" approximation. This approximation has been extensively discussed in the literature [12, 13] . In its simplest version, neglecting the spin-orbit and surface terms, the optical potential for proton-nucleus collisions is given by
where ρ n (ρ p ) are the neutron (proton) ground state densities and < t pi > is the (isospin averaged) transition matrix element for nucleon-nucleon scattering at forward directions,
where σ pi is the free proton-nucleon cross section and ξ pi is the ratio between the imaginary and the real part of the proton-nucleon scattering amplitude. The basic assumption here is that the scattering is given solely in terms of the forward protonnucleon scattering amplitude and the local one-body density [12] .
For nucleus-nucleus collisions, we will use the same method which leads to an optical potential of the form
where R is the distance between the center-of-mass of the nuclei. We use the isospin
Without much computational effort the formula (19) is improved to account for the scattering angle dependence of the nucleon-nucleon amplitudes. A good parametrization [17] for the nucleon-nucleon scattering amplitude is given by
The nuclear scattering phase then becomes [14] 
where the profile function γ N N (b) is defined in terms of the two-dimensional Fourier transform of the elementary scattering amplitude 
where ρ i (q) are the Fourier transforms of the ground state densities.
In the following we will use the eq. (17) in order to calculate the proton-nucleus eikonal phase-shifts. For nucleus-nucleus collisions we will use the formula (22), since we assume the spherical symmetry for the ground state distributions. We will now describe how we calculate the ground state densities for exotic nuclei.
Ground State Densities
We calculate the density distributions of halo nuclei based on the Hartree-Fock (H-F) approximation with Skyrme interaction. The Skyrme interaction is known to describe successfully the ground state properties (the binding energies, the rms radii and the charge distributions) of many nuclei in a broad region of the mass table [18] .
It was pointed out that the separation energy of loosely bound neutrons plays an important role to study halo nuclei [19, 20, 21] . One needs an accuracy of about a few tens of keV to take into account the effect of the separation energy on the radii and the density distributions of halo nuclei, since they have extremely small separation energies as is shown in table 1. On the other hand, the H-F theory cannot provide the prediction for the separation energies within the accuracy of a few tens of keV [22] . It is known that higher order effects beyond the mean field approximation are necessary to describe more precisely the single-particle energies near the Fermi surface [23] . So far, several theoretical attempts [24] have been made in this direction, but the results do not satisfy the accuracy which is required for the study of halo nuclei. We take the following method [20, 21, 25] to improve the calculated separation energies rather than evaluating directly the higher order effects; the last neutron configuration is treated differently from the other orbits in the H-F potential in order to reproduce properly the neutron separation energy of the nucleus.
In the above procedure, the single-particle energy of the last orbit is adjusted to be the same as the empirical single-neutron separation energy in the case of odd-N system, while the empirical two-neutron separation energy is adopted for the last neutron orbit in the even-N nucleus. Although it is not obvious how much the twobody correlation between the halo neutrons affects the single-particle wave function, this choice for the even-N nucleus was pointed out reasonable to study the Coulomb dissociation cross sections 11 Li [9] . The soft dipole excitation in 11 Be [10] is also described well by this wave function.
The H-F equation for the Skyrme interaction can be written as
where m * (r) is the effective mass. The potential V(r) has a central, a spin-orbit and a Coulomb term,
This H-F potential can be expressed analytically in terms of the parameters of the Skyrme interaction [18] . The central potential in eq. (2) is multiplied by a constant normalization factor f only for the last neutron configuration:
Numerical calculations are performed with the parameter set SGII [26] which gives satisfactory results for charge distributions of many nuclei, and also for the systematics of the nuclear radii in comparison with experimental data [27] .
The empirical separation energies of light neutron-rich nuclei are tabulated in We can see that the separation energies are extremely small in the cases of 6 He, 11 Li, 11 Be and 14 Be which are known as halo nuclei. Calculated radii are also tabulated in table 2 together with empirical data.
Results for Elastic Scattering
We apply the formalism presented in section 2 to the elastic scattering of stable nuclei in order to study the validity of the method. We will concentrate here in nuclei with spherical symmetry. The ground state densities of stable nuclei used here are parameterized as gaussian (G) and modified Fermi (MF) densities, as shown in (22) is only relevant
The parameters for the densities of stable nuclei used are shown in table 3.
In fig. 1 we show the experimental data from ref. [30] for the elastic scattering of 17 O + 208 P b at 84 MeV/nucl. The curve is calculated using the nuclear phase-shift constructed as in eq. (22) and the scattering amplitude as in eq. (16) . We observe that the agreement with the data is extremely good. The rainbow scattering at θ ∼ 2.5
• is also very well reproduced. However, one should be cautious with such an example since in this case the scattering amplitude is dominated by a sharp transition from no-absorption to strong absorption as the scattering angle increases. Basically, the optical potential has to have the feature of a large absorption at small distances and a small diffuseness. This behavior arises naturally within the framework of the "tρρ" approximation for heavy systems.
Light systems are more "transparent" and the collision at small distances (large scattering angle) are more sensitive to the details of the optical potential. To show this we plot in fig. 2 the elastic scattering of α + α at E lab = 2.57 GeV as a function of the invariant momentum transfer t = −(p 1 + p 2 ) 2 . The data are from ref. [31] . The calculated curve agrees reasonably well with the data at forward angles (small t) but deviates appreciably from it at larger angles. The forward scattering is dominated by peripheral collisions for which multiple scattering is not relevant. Thus, we expect that the "tρρ" approximation works well at forward angles. On the other hand, it has been shown that multiple collisions are very important for large scattering angles [33] , so that the "tρρ approximation fails to explain the data.
We plot in fig. 3 the elastic scattering of 12 C + 12 C at E lab = 85 MeV/nucl to study the model further. The data are from ref. [34] . The solid curve is obtained by using the eikonal approximation (eqs. 16 and 22) with a set of Woods-Saxon potentials which was constructed to give the smaller χ-square fit to the data with a DWBA calculation using the code PTOLEMY [35] . This Woods-Saxon potential reproduces the data perfectly [34] . The parameters obtained by this fit are
72 fm, and a v = 0.83 fm (26)
2 fm, and
The dashed curve is obtained with the "tρρ" approximation which shows again the mismatch with the data at large scattering angles. We see that the "tρρ approximation gives a reasonable description of the elastic scattering only at forward angles.
It is known that large scattering angles are affected by corrections due to real, and virtual (polarization) nuclear excitation [32] . This means that a simple and unambiguous relationship between the elastic scattering data and the nuclear ground-state densities does not exist at large scattering angles. We conclude that the disagreement between the experimental data and the method used here, for light systems and large scattering angles, is not a deficiency of the eikonal approximation, but of the construction of the optical potential (i.e. on the assumption of the validity of the "tρρ" approximation).
The corrections due to multiple collisions using the Glauber multiple scattering series is rather cumbersome [33] and a direct connection between the ground state densities of the nuclei and the scattering data is lost among a large variety of approximations. We feel that, due to its simplicity, the "tρρ" approximation is very appealing within its limitations. We therefore will use this approximation since the complications arising from a treatment of multiple scattering, and of other effects, undermines our effort to extract information about the ground state densities of the nuclei from the elastic scattering. We will focus the following study mainly in the forward scattering region because of the limited validity of the model. Fig. 4(a) shows the elastic scattering of proton on 9 Li at E lab = 60 MeV. The data are from ref. [4] . The solid curve is obtained by using eqs. (5-7) with the parameters shown in table II of ref. [4] which was obtained by a χ-square fitting to the data with a DWBA calculation. The dashed curve is obtained by using the optical potential constructed as in eqs. (17) (18) (19) together with the Hartree-Fock 9 Li ground-state density. In this case the surface and spin-orbit interaction are absent.
The dashed curve clearly misses the experimental data. The absorption is greater than expected by the "tρρ" method so that this difference cannot be ascribed only to the absence of the spin-orbit interaction. Quite a different scenario is presented in figure 4 (b) where we plot the p + 11 Li scattering data at 62 MeV/nucleon from ref. together with a calculation using the optical potential constructed as in eqs. (17) (18) (19) by the solid curve. The ground state density of 8 He was calculated as explained in section 3. Although the data uncertainties at θ > 40
• do not allow for a test of the theory, the agreement with the data is almost perfect at forward angles. Such an agreement is very encouraging since the simple "tρρ" approach is of very useful predictive power and it can be used to plan future experiments on radioactive beams scattering of protons. Also shown in fig. 5 , the dashed curve is the scattering cross section obtained by using the 6 He ground state density. Two important features are seen. Firstly, the strength of the strong absorption in the p + 8 He system is appreciably larger than in the p + 6 He system. Secondly, the diffraction minimum is at a larger angle for 6 He targets than for the 8 He ones, revealing a larger absorption radius of 8 He.
The inclusion of the surface and spin-orbit terms of eq. (1) in a microscopic
Glauber approach, as in eq. (17), to elastic scattering is rather complicated (see discussion in ref. [12] ). The absence of these terms in our approach may be considered as one of the main reasons for the discrepancies between the experimental data and the calculations. This problem should not occur for nucleus-nucleus collisions, since the folding of densities "smear out" the surface and spin-orbit terms of the nucleonnucleus optical potential.
Data on elastic scattering of halo nuclei has been taken during the last few years.
Due to the poor energy resolution, the data are contaminated with inelastic scattering.
In fig. 6 [6, 7] . We observe that, with the inclusion of inelastic scattering, the theoretical results for the 11 Li + 12 C collision is remarkably good, but the ones for 12 Be + 12 C and for 14 Be + 12 C are not, yielding too large cross sections at large angles. One possible reason for such a discrepancy is the the absence of dynamical polarization in our approach. The virtual excitations during the collision time is shown to affect the elastic scattering of halo neutron appreciably and has been studied by several authors [36] . An inclusion of such effects is beyond our model of using a simplified approach to study the ground-state properties of the halo nuclei.
Another possibility is that the folding prescription to determine the optical potential yields larger cross sections than the experimental ones, as we observed in fig. 3 .
We conclude that the simple "tρρ" folding procedure is an useful method to describe quantitatively the elastic scattering data of radioactive nuclei in most cases. We should also notice that the inelastic scattering makes it difficult to obtain good agreement with the data, especially at larger angles. However, a test of the ground-state densities of such nuclei is possible by comparing the data with the theoretical calculations at forward angles. At large angles, especially with the presence of inelastic scattering, the results are however sometimes misleading. More detailed microscopic calculations would be necessary to obtain better agreement. In the opposite extreme, one may resort to the use of optical potential parameters to fit the data. In both cases, a link of the results to microscopic features of the nuclei is very difficult to achieve.
Inelastic Scattering

Nuclear Excitation
We can use the Distorted Wave Approximation (DWBA) for the inelastic amplitude, assuming that a residual interaction U between the projectile and the target exists and is weak . The cross section for the excitation of a vibrational mode (λµ) with energyhω λ is given by
where k λ is defined as
In eq. (28), M is equal to the reduced mass of the system and k 0 is equal their relative momentum. The wavefunctions φ and Ψ describe the relative motion and the internal states, respectively.
In the particle-vibration-coupling model the transition matrix elements are given by
where δ λ = β λ R is the vibrational amplitude, or deformation length, R is the nuclear radius, and U λ (r) is the transition potential. We will consider only low multipolarities, l ≤ 2 in the following.
The deformation length δ λ can be directly related to the reduced matrix elements for electromagnetic transitions. Using well-known sum-rules for these matrix elements one finds a relation between the deformation length, and the nuclear sizes and the excitation energies. For isoscalar excitations one obtains [37] 
where A is the atomic number, < r 2 > is the r.m.s. radius of the nucleus, and E x is the excitation energy.
The transition potentials for isoscalar excitations are
for monopole, and
for quadrupole modes.
For dipole isovector excitations, the deformation length is given by
where Z (N) the charge (neutron) number. The transition potential in this case is
where the factor γ depends on the difference between the proton and the neutron matter radii as
Thus, the strength of isovector excitations increases with the difference between the neutron and the proton matter radii. This difference is accentuated for neutron-rich nuclei so that the isovector dipole excitations should be a good test for the quantity ∆R np which becomes very large for neutron-rich unstable nuclei. One can generalize this equation to higher isovector multipole excitations λ ≥ 2 by the substitution
where Q (n,p) λ are the effective charges (in units of e) of the neutron and the proton,
respectively.
An useful approximation, valid forhω λ ≪ E k λ , is
Further, by using the definition (27) and the eikonal approximation
we get
where J µ and P λµ are the Bessel function and the Legendre polynomials, respectively, and q t = 2 √ k 0 k λ sin(θ/2).
As seen in eq. (39), one needs to calculate two simple integrals to compute the inelastic scattering at intermediate energies with the deformed potential model. The scattering amplitudes will depend on the optical potential parameters and on the deformation length δ λ . The deformed potential model is based on the assumption of a transition density peaked at the surface. Although this assumption is reasonable for the excitation of heavy nuclei ( e.g., 40 Ca, 208 P b), it is rather crude for light nuclei, especially when the transition density extends radially beyond the nuclear size. This is the case for the soft multipole excitations, for which the transition densities have very long tails.
A more convenient way to describe the inelastic scattering of neutron-rich nuclei is to use the folding approximation. The assumption of a transition density peaked at the surface of the nucleus is not necessary. In this model the matrix element on the right-hand-side of eq. (27) is
where δρ λµ = Ψ * λµ Ψ 0 is the transition density. U int |R − r| is the potential between each nucleon of the target and the projectile nucleus. Thus, the transition from the ground state to the excited state is directly calculated from the target nucleonprojectile interaction.
For light targets, a gaussian parametrization of the (target nucleon)-projectile potential is adequate and yields simple formulas. This can be shown by means of the expansion
where j λ (ix) are the spherical Bessel functions calculated for imaginary arguments.
Using this result in the eq. (27) and the definition δρ(r) = δρ λ (r) Y λµ (r) we get (using R = (b, Z))
with
A link between the deformed potential model and the folding model is obtained by using the approximation
As in the deformed potential model, the scattering amplitude is determined by the optical potential parameters and the deformation length δ λ .
Another common approximation for δρ λ is provided by the Tassie model [38] which
For λ = 0, one uses eq. (45). In general, both models yield analogous transition densities for heavy nuclei and low collective states.
These approximations assume that the transition density is peaked at the nuclear surface. As we will show later, this is a bad approximation for neutron rich nuclei. It is more convenient to use directly the transition density calculated from microscopic models and inserted into eqs. (42) and (43) to obtain the scattering amplitude.
Coulomb excitation
The subject of Coulomb excitation for heavy ion collisions at intermediate energies,
has been discussed in ref. [39] , including effects of retardation and strong absorption effects. The Coulomb excitation amplitude for a given multipolarity Eλ is given by
for E1 excitations, and
for E2 excitations.
In the above equations γ = (1 − v 2 a /c 2 ) −1/2 , and µ is the azimuthal component of the transferred angular momentum. The functions Λ µ are given by
where q = 2k sin(θ/2), k is the c.m. momentum of a + A, and
is obtained from eqs. (8) and (9) .
Assuming that an isolated state is excited, and that it exhausts fully the sum rules, one gets (B(Eλ) ≡ B(Eλ, E x ))
The electromagnetic transition operators have a smooth dependence on the spatial coordinates (O(E1) ∼ r and O(E2) ∼ r 2 ). Thus, the electromagnetic excitation has a very weak dependence on the spatial form of the transition density and it does not seem to be a direct probe of the halo properties. However, the reduced matrix elements for halo nuclei are expected to be enhanced due to unique properties of the halo wavefunctions. For example, if the binding of the valence neutrons is very weak, as in the case of 11 Li, one expects a huge enhancement of the B(E1)-strength at low energies (soft E1-modes). This can be thought as due to the threshold effect of extended halo neutrons with respect to the core, which leads to large B(E1)-values.
Results for Inelastic Scattering
We first apply the formulation of the previous section to the inelastic scattering of stable nuclei. In fig. 9 we plot the inelastic scattering of 84 MeV/nucleon 17 O projectiles on lead. The excitation of the isoscalar giant quadrupole resonance in lead (E x = 10.9 MeV) is considered. Data points are from ref. [30] . The curves are calculated by using the deformed potential model. The optical potential was calculated by using the folding procedure described in section 2. The deformation parameter β 2 = 0.63 was used. This corresponds to 100% of exhaustion of the sum rule. The dashed curve is the contribution of the Coulomb excitation with B(E2) = 0.73 e 2 b 2 , also corresponding to 100% of the sum rule (51). The dotted curve is the nuclear contribution only and the solid curve includes both contributions and their interference. We see that the scattering data are very reasonably described by this approach. The excitation of isovector electric dipole giant resonance in the same system is dominated by the Coulomb interaction and is also well described by eqs.
(47,48), as shown in ref. [39] .
In general, both the deformed potential model and the folding model give very good agreement with the experimental data for the inelastic scattering of stable nuclei.
This has been studied extensively, e.g., in ref. [37] . Also, in ref. An interesting application of this formalism is to the excitation of a Roper resonance (E x = 500 MeV) in the α + p reaction with E α = 4.2 GeV. This is shown in fig. 10 , together with the data points taken from ref. [4] . The data show a very steep angular dependence, characteristic of a monopole transition. As shown by those authors, the angular distribution can be well described by assuming that the Roper resonance is a monopole excitation, exhausting a large fraction of the monopole sum To our knowledge, up to the present date very few experimental data exist on the inelastic scattering of exotic nuclei. Using the formalism in eqs. (40) (41) (42) (43) (44) predictions for the inelastic excitation of soft monopole and quadrupole modes in the 11 Li incident on carbon targets has been done [11] . It was shown that the particular oscillatory pattern of the excitation cross sections could be an important tool to identify different excited states in these nuclei. This is a well known method in reactions with stable nuclei, which allows one to distinguish, e.g., monopole from quadrupole excitations.
The extension of the halo in loosely-bound nuclei would also affect appreciably the drop in magnitude of these cross sections with increasing scattering angle [11] .
In figure 11 we plot the excitation cross section for the 2 + state (E x = 3.57 MeV) in 8 He by 72 MeV protons. The data are from ref. [5] . We used the folding model for the calculation of the optical potential. The inelastic cross section was calculated with the deformed potential model and a deformation parameter β 2 = 0.32. As seen, the agreement with the data is quite good.
Finally we discuss the Coulomb excitation of exotic nuclei. As an example we consider the Coulomb excitation of 11 Be projectiles with 45 MeV/nucleon incident on lead targets. We consider the electric dipole excitation of the 1/2 + ground state to the 1/2 − state at 0.32 MeV. This experiment has been recently done at GANIL [42] as an initiative of studying the properties of low-lying states in exotic nuclei. We use eq. (47) with B(E1) = 0.116 e 2 f m 2 which is deduced from the lifetime measurement by Millener et al. [43] . We obtain the solid curve shown in fig. 12 . The Coulomb cross section is peaked at very forward angles, as expected. The angular integrated cross section is equal to 210 mb. We omit the nuclear contribution which is very small and only important for large scattering angles. The cross section presents a wiggling at large scattering angles, characteristic of diffraction patterns in inelastic scattering.
It is instructive to compare this result with a semiclassical calculations, based on
Rutherford orbits for the trajectory of the nuclei and time-dependent perturbation theory [44] . In this case, the excitation cross section is given by
where the equivalent photon numbers dn E1 /dΩ are given analytically by
where ǫ = 1/ sin(θ/2), α = 1/137, ζ = E x a 0 /γhv, with a 0 = Z a Z A e 2 /2E Lab .
Using the above expression for dn E1 /dΩ a we obtain the dashed curve in figure   12 for the same reaction One observes that the quantum result does not deviate from the semiclassical result appreciably. The good agreement especially at lower angles is quite satisfactory. This shows that strong absorption is not relevant for the scattering at low angles. The peak at small angles is a consequence of the adiabaticity condition. For ζ ≫ 1 (θ a ≪ 0.2 • ) the Coulomb field is too weak to provide the necessary excitation energy. For ζ ≪ 1 (θ a ≫ 0.2 • ) the Coulomb field is too strong and privileges the excitation of the projectile to higher energy states. Therefore, the cross section at a fixed relative energy of the fragments in the final channel has a peak at the optimal scattering angle corresponding to that energy. For the case above this angle is about 0.2 • .
Conclusions
We have studied the applicability of simple concepts from scattering theory for intermediate energy collisions as a tool to study the ground state densities and the transition probabilities in reactions with radioactive nuclei. The eikonal approximation together with the "tρρ" approximation yields the simple and transparent formulas.
This model gives very reasonable results for elastic scattering cross sections at forward angles which can be used to test the ground state densities of radioactive nuclei. The extended nuclear matter in exotic nuclei is manifest in the magnitude of the elastic cross sections as well as in the position of the first minimum.
The transition densities from the ground state to continuum states have the characteristic of an extended tail at large distances from the nuclear center. As discussed in ref. [11] the folding model for the inelastic scattering cross sections are more appropriate for the study of reactions with exotic nuclei. In this article we have presented a few more cases, complimentary to those studied in ref. [11] . Comparisons with the experimental data in figs. (9) (10) (11) (12) shows that the formalism presented here is well suited to the study of inelastic excitation of radioactive beams. The cross section points are from ref. [30] . The solid curve is a calculation with the "tρρ" approximation. Fig. 2 Elastic scattering cross section of α + α at E lab = 2.57 GeV as a function of the invariant momentum transfer t = −(p 1 + p 2 ) 2 . The data points are from ref.
[31]. The solid curve is a calculation with the "tρρ" approximation. curve is a calculation using eqs. (17) (18) (19) , while the dashed curve is for the system p + 6 He at the same bombarding energy. The data are from ref. [5] . ref. [7] . The inelastic contribution to the cross section was added to the elastic cross section (solid figure). Pure elastic cross section is given by the dashed curve. The deformation parameters β 2 = 0.59 and β 3 = 0.40 for the 2 + and 3 − states in 12 C were used. Fig. 8 Quasi-elastic scattering of 14Be + 12 C at E lab = 679 MeV. Data are from ref. [7] . The inelastic contribution to the cross section was added to the elastic cross section (solid figure). Pure elastic cross section is given by the dashed curve. The deformation parameters β 2 = 0.59 and β 3 = 0.40 for the 2 + and 3 − states in 12 C were used. are from ref. [40] . The solid curve is calculated by using the deformed potential model. 
